Lecture 12 Notes: 07/19
Simple Magnifier

The simple magnifier consists of a single convetrdgams. If an object is placed slightly
inside the focal point of the lens, the image beeemuch larger, but farther away. The
observer can then position the eye so that theensagomewhere within the range of
normal vision, between the near point and the déantp
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The image can be much larger than the object (tefsize if the object is at the focal
point), but it is also farther away, so it will noécessarily subtend a much bigger angle
with the eye and appear that much bigger. Howehrerlens allows the object to be
held much closer to the observer than the obssrmedr point, since the lens will cause
the virtual image to form beyond the near poing ttauses the angle subtended by the
iImage to in fact be larger than the angle subtehgetie object at the near point.

Theangular magnification is defined as the angle subtended by the im&giiyided
by the anglef, subtended by the object when it is at the nesnt pathout a lens:
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The angular magnification will depend on the fdealgth of the lens, the distance
between the lens and the objpcthe observer's near pomi, and the distance between
the lens and the observer's elyelt can be calculated in a straightforward marfoer
any combination of these parameters. Here are saamples:

Example: A lens with focal lengtliis held close to the eyd € 0) and used in such a
way that the image forms at the eye's near ppiat, What is the angular magnification?

We want an image a distancepaf behind the lens, sp=-py». From this, we can find
the distance from the lens at which we should morsthe objectp:
— 1 — 1 — ff}h;y

V=1 1/ f+1/pne | +pure

IJ'



Now we need the size of the image compared toitleeo$ the object. If the image size
is h" and the object size Ig then
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The angle subtended by the object at the near,puitht no lens, is (assuming the object
Is much smaller than the distance to the near point
h
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When using the lens, the angle subtended by thgansa
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The angular magnification is the ratio of the twglas:
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Note that this is only true if the lens is heldyelose to the eye, and at such a distance
from the object that the image forms at the eye& point.

For example, suppose we have a magnifier with alfleagth of 1@8mand an observer
with a near point of 28m Then, the angular magnificationns=1 + 2.5 = 3.5.

The image subtends an angle that is 3.5 timesrl#inga the object, and so details 3.5
times smaller can be resolved.

Example: An eye with normal distance vision is most rethwéhen looking at an
object at infinity. If we place the lens so tHa® image forms at infinity, what is the
angular magnification?

In order to form an image at infinity, the objegflaced at the focal point. The distance
between the lens and the eye is now immateriatedime image is infinitely far away.
The ray diagram looks like this:




The angle subtended by the imagé@ish / f, whereh is the height of the object. Thus,
the angular magnification is
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For the same eye and lens as above, mitlr 25cmandf = 10cm m =2.5. Therefore
if the same lens is used so that the image fornmgiaity, the angular magnification is
2.5, rather than the 3.5 obtained by forming thagenat the near point of the eye.

The telescope eyepiece

During last lecture, we discussed telescopes wiheremage was captured using a
digital detector such as a charge-coupled devi€D)C We can instead magnify the
image so that it can be viewed by the human eyes i$ done by adding an additional
lens, called theyepiece. The eyepiece is basically a simple magnifierolthises the
image from the telescope's lens or mirror as ijeatb It is usually adjusted so that the
final image is at infinity. This is a lens diagranna refracting telescope with an
eyepiece:
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From this diagramf, tan & = fe tan 8. For small angles, this becomes
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Example: Suppose we have the@hrefracting telescope with the objective focal
lengthfo = 60cm This telescope is diffraction-limited. We wolikk an observer
looking through this telescope to just be able &kenout the maximum detail that the
diffraction limit allows. Suppose that the obserlias a pupil diameter ofim and the
observer's eyes are also diffraction-limited. Wataduld the focal length of the eyepiece
be?



The minimum angle that can be resolved by thistelpe is the angle through which
parallel rays of light diffract after passing thgbuthe telescope's aperture:
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Here,ar is the diameter of the telescope aperture (thectibg lens). The minimum

angle that can be resolved by the eye is similarly
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Here,at is the diameter of the eye's aperture (the pupihe telescope can resolve
smaller angles, since its aperture is bigger. \&stwo magnify the smallest angle that
the telescope can resolve so that it is equalegstmallest angle that the eye can resolve,
so that the observer can see it. Thus, the magtidh we want is
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Therefore the optimal focal length of the eyepiisce
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This gives an angular magnification of 70X. Atstimagnification, the observer's eye
can just make out details at the telescope's diftm limit. Increasing the
magnification further would result in a larger, lolarrier, image.

The compound microscope

For high magnifications, the simple magnifier stgfdéom the problem of lens
aberration. The compound microscope is a systemvafenses that corrects the
aberration. It looks superficially somewhat similaa refracting telescope with an
eyepiece, except that the object is placed cloieetdocal point rather than far away:
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The focus of the microscope is typically adjustedhat the image ajfalls on the focal
point of the eyepiece. This creates a final imagefinity, allowing the observer's eye
to be fully relaxed when viewing the image.

Example: A microscope has a length= 15cm an objective with a focal length of
1.2cmand an eyepiece with a focal length ofd8 What is its magnification compared
to a normal eye with a near point ofc2%®

First we will find the distance between the objautl the objective lens. The distance
should be such that the intermediate image falltherfocal point of the eyepiece:
g=L-f=15cm-0.&m=14.Zm This gives
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Referring to the ray diagram above, we see thabliective creates an inverted image
of sizeh' = (q/ ph=(14.2/1.31H = 10.&. For a very small object, the angle
subtended by this image on the eyepiece can beastl ag?=h'/fc = 10.&h / . This
Is the same as the angle subtended by the fingldroa the eye.

Now if the object was simply viewed with the eydlre near point, it would subtend an
angle of& = h / pve. Thus, the angular magnification of this micrqseas
#  10.8h 25em 338
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Thus, when viewed through this microscope, objaeptsear about 340 times as big as
when viewed with the eye at the near point.

Most microscopes have several objectives, lab&edxample, 300X, or 2000X.

These objectives have different focal lengths, thog give different magnifications.

The nominal magnification of the objective is givesnthe magnification compared to an
eye with a near point of 25cm, with the microscaggisted so that the final image is at
infinity.

The microscope's resolution is limited by the wawgth of light used. One cannot form
an image of an object that is smaller than the Vesngh of light used to illuminate it,
since the light waves will diffract around suchnaadl object, rather than passing
through it or reflecting off it as shown in ray giams. So, for example, a microscope
that operates with 5@@n light will not be able to resolve objects smatlesn 500m
Magnifying the image in an attempt to get bettsohation will simply result in a more
blurry image.



Theinterferometer

The interferometer has many uses, most of whicbluev/being able to measure a
change in light path length or phase to a greatedegf precision. The Michelson
interferometer looks like this:

C———1 Mirror

Armm 1
Arm 2
] "/ J
Coherent Beam ,
source splitter Mirror
View port

The light is emitted from a coherent source, soithaally all the EM waves are in

phase with each other. The light reaches a beéttespwvhich is a half-silvered mirror
that reflects approximately half the light to Arnadd allows the other half to pass
through to Arm 2.  The light is reflected by rors at the end of each arm, and some of
it is reflected or transmitted by the beam splittevards the view port.

If the phase shift experienced by light along Arrmntl Arm 2 is exactly the same or
different by an even multiple af then the two beams reaching the view port will
interfere constructively, resulting in a bright spdf the phase shifts are different by an
odd multiple of7z then we get destructive interference, resultimg dark spot. The
difference between the two cases correspondsharsge in distance of only half a
wavelength, so any change in the length of onb@fatrms, or in any other factor that
causes the light along one of the arms to accumutate or less phase, can be detected
to a great degree of precision.

Typically, one of the mirrors is slightly angled, that the path length difference changes
with position on the mirror. This results in ateat of light and dark bands from light
coming from different parts of the mirror. Thesands are calleftinges. If one of the
mirrors is moved back slowly, so the path along &#men increases, the fringes move
across the mirror. The observer can count the sumbfringes that have gone by, and
determine the distance by which the length of tine laas changed.



Example: A small interferometer's two arms each have gtlenf 0.2%n. The light
source has a wavelength of 5@ Both arms are held in a vacuum. The chamber
containing one of the arms is slowly filled up witalium, until the pressure in the
chamber reaches 1 atmosphere. If the index aigedn of helium at 1 atmosphere is
1.000036, how many fringes move by the view poittelaim is added to the chamber?

Suppose that, initially, light paths along both arne identical, so light goes through
the same number of wavelengths along each arm.ndimber of wavelengths along
each path is 0.50/ 500hm= 1C.

After the helium is added, the wavelength of lighthat chamber decreases by a factor
of 1.000036. Therefore, the number of wavelengtbsg this path increases by a factor
of 1.000036, and is now 1,000,036. The differdmeteveen this and the other path,
which remains in vacuum, is 36 wavelengths. TBaGdyinges go by.

The Michelson-M orley experiment

Maxwell's equations predict a universal speedgift]/iindependent of the observer. For
a long time, people did not believe this conclusexmd assumed that Maxwell's
equations were not entirely correct. By analogihwhe theory of sound, where waves
propagate through air and the wave equation is \aaig in the frame where the air is at
rest, 19th century physicists assumed that theseavaedium known as the ether
through which light waves propagated. Maxwell'sa&gpns would, then, be valid only
in the frame where the ether is at rest.

The deviations from Maxwell's equations would allawobserver moving, say, in the
direction through the “ether”, to see light comingm thex direction go faster, and light
coming up from behind go slower, as expected freenygay experience. We now
know this is not true, of course, but most 19thtegnphysicists assumed it was true.

If such an observer-dependent effect did occaguid be measured by using the
Michelson interferometer. Suppose arm 1 was agtkit the observer's direction of
travel through the ether. Due to the differencthanspeed of light and the motion of the
apparatus relative to the “ether”, light travelohgwn arm 1 and back would accumulate
a different phase than light traveling along armrae apparatus could now be rotated
until arm 2 was oriented in the direction of motiorhis would cause the phase
difference between the two paths to become flippad,as a result, fringes would move
as the apparatus was rotated.



Since the Earth moves around the Sun, the obsemetion would change depending
on time of year. Thus, if the ether hypothesis tmas, the results of the Michelson-
Morley experiment would vary depending on the seaso

Of course, no such variation was found, and intiaetfringes didn't move at all, no
matter what time of year it was. This implied ttieg¢ speed of light was in fact the same
in all directions for all observers. Other expeants confirmed these findings.
Eventually, Einstein began with the assumption khaxwell's equations, rather than our
everyday experience with relative speeds, wereecgrand derived his theory of
relativity.

Detailed treatment of the Michelson-Morley expenmmis left as a homework
assignment.



